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Abstract 17 
Background and Aims 18 
Water solubility of Zn fertilisers affects their plant availability. Further, simultaneous application of Zn 19 
and phosphorus (P) fertiliser can have antagonistic effects on plant Zn uptake. Arbuscular mycorrhizas 20 
(AM) can improve plant Zn and P uptake. We conducted a glasshouse experiment to test the effect of 21 
different Zn fertiliser materials, in conjunction with P fertiliser application, and colonisation by AM, on 22 
plant nutrition and biomass. 23 
 24 
Methods 25 
We grew a mycorrhiza-defective tomato genotype (rmc) and its mycorrhizal wild-type progenitor 26 
(76R) in soil with six different zinc fertilisers ranging in water solubility (Zn sulphate, Zn oxide, Zn 27 
oxide (nano), Zn phosphate, Zn carbonate, Zn phosphate carbonate), and supplemental P. We measured 28 





Whereas water solubility of the Zn fertilisers was not correlated with plant biomass or Zn uptake, plant 32 
Zn and P contents differed among Zn fertiliser treatments. Plant Zn and P uptake was enhanced when 33 
supplied as Zn phosphate carbonate. Mycorrhizal plants took up more P than non-mycorrhizal plants; 34 
the reverse was true for Zn. 35 
 36 
Conclusions 37 
Zinc fertiliser composition and AM have a profound effect on plant Zn and P uptake. 38 
 39 
Introduction 40 
Zinc (Zn) is an essential micronutrient in biological systems. It is estimated that nearly 50% of the 41 
world’s important cereal-growing soils have low levels of plant available Zn (Cakmak 2002; Graham 42 
and Welch 1997), and around 30% of the world’s population is affected by Zn deficiency (Alloway 43 
2008). As a consequence, Zn is considered the most yield-limiting micronutrient in some areas of the 44 
world (Fageria 2010). The essentiality of Zn in crop production, coupled with its severe deficiency in 45 
some of the world’s principal agricultural soils, has increased awareness of the importance of Zn in 46 
crop production in recent years (Fageria 2010). To this end, agronomic biofortification in the form of 47 
Zn fertiliser application, has become an important agricultural practice to increase the delivery of Zn to 48 
crop tissues (Cakmak 2008).  49 
 50 
Zinc fertiliser for agricultural purposes can be bought as a standalone product, typically as hydrated Zn 51 
sulphate (ZnSO4.7H2O) or Zn oxide (ZnO). There is also an increasing range of macronutrient 52 
fertilisers that can act as carriers for Zn, such as Zn-NPK, Zn-coated superphosphate or Zn-coated urea 53 
(Grewal 2010; Shivay et al. 2008; Ortas 2012; Mortvedt and Gilkes 1993; Milani et al. 2012). Zinc 54 
sulphate and Zn oxide are the most common Zn materials used as fertilisers; however, other sources 55 
such as Zn phosphate and Zn carbonate are also used (Alloway 2008; Fageria 2010). The water 56 
solubility of a Zn fertiliser is an important factor in its agronomic effectiveness (Milani et al. 2012). 57 
Plant availability of Zn in soil is strongly correlated with water solubility of the compound, in that 58 
more water-soluble compounds confer higher amounts of plant Zn availability and uptake (Mortvedt 59 
1992; Amrani et al. 1999; Shaver et al. 2007). The solubility of Zn fertilisers ranges widely; whereas 60 
 
 
Zn sulphate is water-soluble, Zn oxide, Zn carbonate and Zn phosphate are all, to varying degrees, 61 
water-insoluble (Alloway 2008; Boawn et al. 1957) which markedly affects their use as fertilisers. 62 
Plant availability of Zn in soil is also altered by a number of edaphic factors, the most important 63 
determinant being soil pH (Broadley et al. 2007). Specifically, an increase in soil pH decreases the 64 
availability of Zn for plant uptake (Marschner 1995; Fageria 2010). Other factors that influence plant 65 
availability of Zn in soil include; soil organic matter content, clay content, soil moisture, microbial 66 
activity in the rhizosphere, and macronutrient concentrations (discussed below) (Alloway 2008). 67 
Understanding the complex chemical behaviour of Zn in soils is an important aspect of ensuring the 68 
efficient use of Zn-containing fertilisers. 69 
 70 
Given that many of the world’s soils are both Zn and P deficient (Ortas 2012; Vance et al. 2003; 71 
Alloway 2008), there is increasing interest in the simultaneous and effective delivery of both nutrients 72 
to crops via fertiliser application (Mortvedt and Gilkes 1993). However, the application of 73 
macronutrient fertilisers high in phosphorus (P), can significantly decrease plant Zn availability, and 74 
thus uptake from the soil (Ryan et al. 2008; Zhang et al. 2012), due to complex Zn-P interactions that 75 
alter both soil and plant factors (Marschner 1995; Robson and Pitman 1983), now discussed in turn.  76 
 77 
In the soil solution, there are a number of mechanisms that drive the decrease in available Zn under P 78 
fertilisation; however, they are not yet well understood (Alloway 2008). For example, there are several 79 
possible ways that Zn could be adsorbed under P-fertilisation, including changes in pH, and bonding of 80 
Zn to oxides and hydroxides of iron (Fe) and aluminium (Al), among others (Barrow 1987; Loneragan 81 
et al. 1979). In addition, cations added with, and H+ ions generated by phosphate salts, may inhibit Zn 82 
absorption from the solution (Loneragan and Webb 1993). Plant uptake of Zn is also dependent upon 83 
plant-based factors such as production of phytosiderophores, expression of Zn transporters and 84 
mycorrhizal associations (Marschner 1993), which may be modified by soil P conditions (see below). 85 
Additionally, increased growth due to P fertilisation can lead to a dilution of Zn in planta (Loneragan 86 
et al. 1979). Because many fertiliser products contain both P and Zn, these issues are especially 87 
important, and there is a need to find a way to facilitate effective delivery of both P and Zn to crop 88 




The capacity of plants to acquire Zn can be significantly improved through the formation of arbuscular 91 
mycorrhizas (AM). Around 80% of plants form AM, including a range of important cereal, and 92 
horticultural crops (Smith and Read 2008). These mutualistic relationships between plants and a 93 
specialised group of soil fungi, are especially important when the soil is Zn deficient (Rengel 1999). 94 
Considering the rising demand for Zn fertiliser, exploitation of AM’s capacity to enhance plant Zn 95 
uptake has been suggested to provide at least part of the solution to Zn deficiency in agricultural soils, 96 
in conjunction with fertiliser application (Ortas 2012). Additionally, AM have been shown to lower 97 
rhizosphere pH, which can result in an increase of plant-available soil Zn (Li et al. 1991; Mohammad 98 
et al. 2005). However, it has been well established that infection of roots by AMF is suppressed by soil 99 
P fertilisation, which is another mechanism behind the P-induced Zn deficiency discussed above 100 
(Loneragan and Webb 1993). Colonisation by arbuscular mycorrhizal fungi also offers other benefits, 101 
such as an increase in pathogen resistance of the host plant (Perrin 1990), water use efficiency (WUE) 102 
(Al-Karaki 1998) and improvement of soil structure in the rhizosphere (Barea et al. 2002), which may 103 
lead to improvements in crop yield and nutrition. Furthermore, there is evidence that the WUE of 104 
plants may be improved with correction of Zn deficiency (Khan et al. 2003). Given that AM can 105 
improve plant Zn acquisition, it may follow that improvements in WUE of AM plants may be related to 106 
improvements in Zn nutrition; however, to our knowledge, the potential link between AM, Zn and 107 
WUE has not been directly investigated.  108 
 109 
While there are a range of potential Zn materials that can be used as fertilisers, and naturally occurring 110 
Zn in the environment can be found in many forms, most research of AM effects on plant Zn 111 
acquisition uses Zn which has been added to the soil as ZnSO4.7H2O. Therefore, we need to look at 112 
other Zn fertilisers, to investigate how efficiently they can deliver Zn to plant tissues, and how AM 113 
modify the uptake and delivery of Zn to the plant. This is also important in the context of fertilisers that 114 
seek to supply Zn and P together.  115 
 116 
To explore the link between AM and the water solubility of Zn fertilisers, we conducted a fully 117 
factorial glasshouse experiment using six different Zn materials with solubilities spanning five orders 118 
of magnitude, to fertilise the soil, in concentrations sufficient, but not toxic, to plants. Five Zn 119 
fertilisers were chosen on the basis of their use in agricultural practice, and one novel Zn compound 120 
 
 
(Zn phosphate carbonate) was trialled as a fertiliser following its recent characterisation and possible 121 
role in Zn homeostasis in mammalian systems (Turney et al. 2012). These amorphous nanosized 122 
materials are uniquely formed from Zn2+ only in the presence of both carbonate and phosphate ions in 123 
solution. We grew a mycorrhiza-defective mutant tomato genotype (rmc) (Barker et al. 1998) and 124 
compared it to its wild-type progenitor (76R), to investigate how plant Zn uptake and nutrition was 125 
further modified by mycorrhizal colonisation. 126 
 127 
Specifically, we hypothesised that: 128 
1. Differences in water solubility of Zn compounds in soil would directly affect their plant 129 
availability in soil, and thence, the capacity of plants to acquire Zn; 130 
2. With decreasing Zn availability, AM would improve the capacity of plants to acquire Zn from 131 
the soil; 132 
3. Zinc fertilisers that contain P would reduce availability of Zn to the plant; and 133 
4. That the WUE of plants would be greater with increasing Zn availability in the soil, and that 134 
improvements in plant Zn nutrition associated with the formation of AM would also increase 135 




Soil and plants 140 
Plastic, free-draining pots were filled with 1 kg of a 80:20 (W/W) sand/field soil mixture. The field soil 141 
was collected from Wallenjoe Swamp State Game Park located in Victoria, Australia (lat = -142 
36.471935, long = 144.868512). This soil is classified as a grey vertisol (Martin 2007), and has a pH of 143 
6.4 ± 0.4, a total C content of 19 ± 11 g kg-1, a total N content of 2 ± 1 g kg-1, and has low 144 
concentrations of plant available (Colwell) P (Colwell 1963) (12.8 ± 7.4 mg P kg-1 soil) and DTPA 145 
extractable Zn (Lindsay and Norvell 1978) (1.2 ± 0.7 mg Zn kg-1 soil). In our earlier work we have 146 
found this soil to have a high AMF inoculum potential (Cavagnaro and Martin 2011; Watts-Williams 147 
and Cavagnaro 2012). The sand used was a coarse washed river sand. The soil-sand mixture, which is 148 
referred to as “soil” hereafter, is well suited to soil nutrient addition studies, as it has low baseline 149 
nutrient concentrations (plant available [Colwell] P concentration was 3.5 ± 0.1 mg P kg-1 soil, and 150 
 
 
DTPA extractable Zn concentration was 0.2 ± 0.0 mg Zn kg-1 soil), and allows for the easy isolation of 151 
root material. 152 
 153 
To investigate the effect of different chemical forms of soil Zn upon plant growth and nutrition, the soil 154 
was amended with a range of Zn compounds, as follows:  155 
Six soil Zn treatments were established by adding Zn compounds (see Table 1), ranging in solubility 156 
and particle size, to the soil at a rate of 25 mg Zn kg-1 soil. Compounds were then mixed thoroughly 157 
through the soil. The rate of Zn addition used in this study was found to be sufficient and not toxic to 158 
plants, as previously shown by the application of Zn sulphate (Watts-Williams and Cavagnaro 2012). 159 
Supplemental P (as CaHPO4.2H2O) was added so that the total addition of P to the soil was 25 mg P 160 
kg-1 soil, in order to provide good growth without inhibiting mycorrhizal colonisation (Watts-Williams 161 
et al. 2013). Soil P addition was adjusted accordingly for Zn materials already containing P (Zn 162 
phosphate and Zn phosphate carbonate); thus, in all treatments, the same amount of P was added to the 163 
soil. 164 
 165 
Seeds of the reduced mycorrhizal colonisation tomato (S. lycopersicum) (Barker et al. 1998) mutant 166 
(rmc, hereafter) and its mycorrhizal wild-type progenitor S. lycopersicum cv. 76R (76R, hereafter) 167 
were surface-sterilised (Cavagnaro et al. 2010) and directly sown into pots (three seeds per pot) 168 
containing soil amended with Zn and P. Plants were thinned to one per pot after one week. Each 169 
treatment was replicated five times, giving a total of 60 pots. The plants were grown in a controlled 170 
environment glasshouse on the Monash University Clayton campus. Conditions in the glasshouse 171 
during the experimental period (October – December 2012) were as follows: Light levels during 172 
daylight hours (16 hr day length) averaged 272 ± 41 mol photons m-2 s-1, and the temperature was 173 
23.4 ± 0.4 °C during the day and 20.1 ±  0.7 °C at night. All plants were watered with 1/10 strength 174 
modified Long-Ashton solution (P and Zn omitted, Cavagnaro et al. 2001) to 60% field capacity until 175 
harvest (see below). Water additions were recorded at each watering event (thrice weekly), in order to 176 
calculate water use efficiency (WUE). The plants were arranged in the glasshouse as a randomised 177 
complete block design, with the position of plants in the glasshouse rotated on a weekly basis. 178 
 179 
Harvesting and analysis 180 
 
 
There was one destructive plant harvest 8 weeks after planting, when plants were at the vegetative (pre-181 
flowering) growth stage, as follows. Plants were removed from the pots by careful washing with water. 182 
All the shoots and a sub-sample of the roots were oven-dried before shoot dry weight (SDW) and root 183 
dry weight (RDW) were determined. The dried plant material (ground to a fine powder) was digested 184 
in 4:1 nitric acid:hydrogen peroxide, and analysed by radial view inductively coupled plasma-optical 185 
emission spectroscopy (Waite Analytical Services, Urrbrae, South Australia). A second weighed sub-186 
sample of fresh roots were used for assessment of mycorrhizal colonisation using the gridline 187 
intersection method (150 intersects per sample) (Giovannetti and Mosse 1980), after roots were cleared 188 
with KOH (10% W/V) (Phillips and Hayman 1970) and stained with ink and vinegar (Vierheilig et al. 189 
1998). Measurements of available (Colwell) P (Colwell 1963) and DTPA extractable Zn (Lindsay and 190 
Norvell 1978) were made on soil samples with Zn and P fertilisers added at the start of the experiment 191 
(See Table 2).  192 
 193 
Calculation and data analysis 194 
Plant water use efficiency (WUE) was calculated as grams of dry plant biomass produced per litre of 195 
water applied to the pot (Khan et al. 2003). Plant Zn and P content were calculated as concentration of 196 
Zn and P (as milligrams per kilogram) in the shoots/roots multiplied by total root/shoot biomass 197 
(kilograms). 198 
 199 
Properties analysed by two-factor ANOVA were: SDW, RDW, shoot Zn content, root Zn content, total 200 
Zn content, total P content and WUE. Factors in the analysis were Genotype and Zn fertiliser. 201 
Mycorrhizal colonisation was analysed by a student’s t-test, in the 76R genotype only. Where the two-202 
way interaction or the Zn fertiliser main effect was significant, pairwise comparisons were made using 203 
Tukey’s honestly significant difference (HSD, Zar 2007). Where the main effect of Genotype was 204 
significant, pairwise comparison was made using a student’s t-test. All data were analysed using JMP 205 
statistical software (version 10.0.0). 206 
 207 
Results 208 
Mycorrhizal colonisation 209 
 
 
Roots of the rmc genotype were effectively non-colonised by AMF (0.27 ± 0.34 % averaged across all 210 
rmc plants, data not shown), consistent with our earlier studies using this genotype and soil (Cavagnaro 211 
and Martin 2011; Watts-Williams et al. 2013). In contrast, the roots of the 76R genotype were well 212 
colonised (Table 3), therefore the effect of Zn fertiliser on colonisation of this genotype was considered 213 
separately from the rmc genotype. Colonisation of the 76R roots by AMF ranged from 24.0 to 34.5%; 214 
there were, however, no significant differences in AM colonisation among Zn addition treatments 215 
(Tables 3 & 4). 216 
 217 
Plant biomass 218 
Average plant shoot dry weight (SDW) ranged from 2.7 to 3.2 g across all treatments (Figure 1). 219 
Analysis of SDW data revealed a significant two-way interaction between Genotype and Zn fertiliser 220 
(Table 4). Specifically, the average SDW of both genotypes in the Zn carbonate treatment were 221 
significantly smaller than the 76R Zn phosphate treatment, with all other treatments intermediate.  222 
 223 
Water use efficiency 224 
Water use efficiency (WUE) differed among Zn fertiliser treatments, irrespective of genotype (Table 225 
3), with the WUE of plants in the Zn carbonate treatment significantly lower than all other treatments 226 
(Tables 3 & 4). There was no effect of Genotype on WUE. 227 
 228 
Plant zinc content 229 
Zinc contents (Figure 2) of plant shoots were higher in rmc plants compared to 76R plants, and differed 230 
between Zn addition treatments, as indicated by a significant two-way interaction between Genotype 231 
and Zn fertiliser (Table 4). Specifically, Zn contents were highest in the Zn phosphate carbonate 232 
treatment, but lowest in the Zn phosphate and Zn carbonate treatments for the 76R and rmc treatments 233 
respectively. A similar pattern was seen for shoot Zn concentrations (data not shown, but compare 234 
Figures 1 and 2). 235 
 236 
For roots, Zn contents did not differ between genotypes, but did between Zn fertiliser treatments, 237 
irrespective of Genotype (Table 4, Figure 2). When pooled over genotypes, root Zn contents were 238 
highest in the Zn phosphate carbonate, Zn sulphate and Zn oxide addition treatments, which were 239 
 
 
significantly higher than in the Zn oxide (nano) and Zn carbonate treatments, which in turn were 240 
significantly higher than in the Zn phosphate treatment. Similar results were found when root Zn 241 
concentrations were considered (data not shown, but compare Figures 1 and 2). 242 
 243 
When whole plant Zn contents (Figure 2) were considered (i.e. shoot Zn + root Zn), Zn contents were 244 
significantly higher in rmc than 76R plants, irrespective of Zn fertiliser treatment (0.79 ± 0.03 and 0.70 245 
± 0.03 mg Zn plant-1, respectively; Table 4). When Zn fertiliser treatments were considered, pooled 246 
over genotypes (Table 4), mean total Zn content was significantly higher in the Zn phosphate carbonate 247 
treatment than all other Zn fertiliser treatments, except Zn sulphate, and total Zn content was 248 
significantly lower in the Zn phosphate treatment than in all other treatments, with the exception of Zn 249 
carbonate.  250 
 251 
Plant phosphorus content 252 
When total plant P content was considered, there was a significant main effect of Genotype and of Zn 253 
fertiliser (Table 4). Specifically, the total P content of 76R plants was significantly higher than that of 254 
rmc plants (5.20 ± 0.08 and 3.76 ± 0.07 mg P plant-1, respectively; pooling Zn fertiliser treatment). 255 
When the significant main effect of Zn fertiliser was considered, plants grown on the soil amended 256 
with Zn phosphate carbonate had significantly higher total P content than all other treatments (pooling 257 
genotype). Conversely, the plants grown on soils amended with Zn oxide (nano), or Zn carbonate, had 258 
significantly lower total P content than all other treatments. For both shoot and root P contents, the 259 
same patterns were seen as for total plant P contents and so are not described in further detail here (see 260 
Figure 3, Table 4). 261 
 262 
Discussion 263 
The results presented here clearly demonstrate that the form of Zn applied to the soil has a large impact 264 
on plant Zn nutrition, as has been shown previously (Whiting et al. 2001; Amrani et al. 1999; Mortvedt 265 
1992; Boawn et al. 1957). Importantly, we found that the provision of Zn along with P, in the presence 266 
of carbonate (i.e. as Zn phosphate carbonate), had a large positive effect on plant Zn and P nutrition. In 267 
fact, plant Zn content in the plants provided with Zn phosphate carbonate, was similar to those that 268 
were supplied the highly water-soluble Zn sulphate in the presence of an equivalent soil concentration 269 
 
 
of P. Interestingly, whereas AM provided a benefit to plants in terms of P acquisition, the same was not 270 
true for Zn. Together the results highlight the importance of the physical and chemical nature of Zn 271 
fertilisers, and are now discussed in the context of plant Zn and P nutrition, while also considering the 272 
effects of mycorrhizal colonisation.  273 
 274 
Plant nutrition - effects of Zn fertiliser 275 
The effects of Zn fertiliser on plant nutrition were interesting and complex. Because of the importance 276 
of effective co-supply of P and Zn to plants, we considered how Zn fertiliser affected plant P, as well 277 
as Zn uptake. Plant P content/uptake was highest in the plants in the Zn phosphate carbonate treatment. 278 
Thus, the Zn phosphate carbonate fertiliser allowed for the addition of both P and Zn to the soil, whilst 279 
minimising the antagonistic effects on uptake of either nutrient. So, while the Zn phosphate and Zn 280 
carbonate fertilised plants had low Zn contents (ie. soil Zn was unavailable in the presence of P), it 281 
appears that having both phosphate and carbonate in the fertiliser (Zn phosphate carbonate) allowed 282 
plants to take up both Zn and P effectively (ie. soil Zn was available in the presence of P). 283 
Consequently, we consider this as a potential useful formulation for adding P and Zn to the soil 284 
simultaneously. Zn sulphate and Zn oxide also performed well when plant P uptake was considered, 285 
however their plant P contents were significantly lower than that of those fertilised with Zn phosphate 286 
carbonate. 287 
 288 
Zn sulphate and Zn phosphate carbonate fertilisers performed similarly in terms of delivery of Zn to the 289 
whole plant, with Zn oxide close behind. Given that biomass between treatments was very similar, it is 290 
apparent that some Zn fertilisers were taken up more effectively by the plant, than others. Generally, 291 
Zn phosphate and Zn carbonate fertilisers performed poorly, in terms of plant Zn content. 292 
 293 
Mycorrhizal colonisation 294 
The overall low colonisation rate across all mycorrhizal plants is consistent with previous studies using 295 
the same soil and tomato genotypes, and similar additions of soil P and Zn (Watts-Williams and 296 
Cavagnaro 2012). Colonisation of roots by AMF was generally not affected by any of the Zn addition 297 
treatments. Increasing soil Zn concentrations have been shown to have positive (Lee and George 2005; 298 
Zhu et al. 2001), neutral (Diaz et al. 1996; Ortas et al. 2002; Cavagnaro et al. 2010), and negative (Bi et 299 
 
 
al. 2003; Chen et al. 2004; Gildon and Tinker 1983; Watts-Williams and Cavagnaro 2012; Watts-300 
Williams et al. 2013) effects on mycorrhizal colonisation. Although it was predicted that differences in 301 
Zn availability of the fertilisers would affect colonisation, this prediction was not supported in this 302 
study. It is likely that magnitude of difference in Zn availability between treatments was not large 303 
enough to affect colonisation. It is more likely that in this study, soil P availability, which is considered 304 
to be the main edaphic factor regulating levels of AM colonisation (Smith and Read 2008; Ryan et al. 305 
2000), and was consistent across all Zn fertiliser treatments, had more control over mycorrhizal 306 
colonisation than soil Zn availability.  307 
 308 
Plant nutrition – effects of AM 309 
Whereas mycorrhizal plants had significantly higher P contents than their non-mycorrhizal 310 
counterparts, the reverse was true for Zn. This indicates that AM were functional at least in terms of P 311 
uptake (ie. there was a positive mycorrhizal P response). In this study, the benefits of plants taking up 312 
luxury P are unclear, as the mycorrhizal plants were not larger than the non-mycorrhizal as would be 313 
expected when P contents are higher. However, it has been shown in tomatoes that higher uptake of P, 314 
as a result of being mycorrhizal, increased plant reproductive fitness in several ways, including 315 
increased flower production, fruit mass and seed number, and that improvement in reproductive traits 316 
were greater than improvements in vegetative traits (Poulton et al. 2002). Thus, there may have been an 317 
advantage in the reproductive fitness of the mycorrhizal plants grown in this study, as a result of higher 318 
P uptake than the non-mycorrhizal plants, which would have manifested if the plants had been 319 
harvested later. The reduced uptake of Zn by the mycorrhizal plants relative to the non-mycorrhizal 320 
plants may be due to the addition of P fertiliser to the soil. It has been shown previously that the 321 
provision of P fertiliser to mycorrhizal plants decreases Zn uptake, relative to non-mycorrhizal plants 322 
(Goh et al. 1997). Also, we would expect that if the Zn fertiliser treatments had been added to the soil 323 
at concentrations considered deficient, rather than sufficient, that we would see a clear Zn uptake 324 
benefit of being mycorrhizal, as in earlier studies (Watts-Williams et al. 2013). It is important to note 325 
that soil pH was lowered by growing plants in the soil, however the mycorrhizal plants did not lower 326 
soil pH more than the non-mycorrhizal plants (data not shown). 327 
 328 
Plant biomass 329 
 
 
It was expected that water solubility of the Zn fertilisers would correlate positively with plant biomass, 330 
as found in other studies (Amrani et al. 1999; Mortvedt 1992); however, this was not the case. Biomass 331 
was the same, without differences between fertiliser treatments, or genotype. While this translates to no 332 
benefit in terms of biomass accumulation, there were apparent nutritional benefits associated with the 333 
addition of some of the fertilisers. It is important to note that it is likely that all plants benefited in 334 
terms of biomass from the application of soil P and Zn fertiliser. In an earlier study, the addition of P 335 
and Zn fertiliser in the same amount as those in the present study, compared to no fertiliser addition, 336 
demonstrated a strong positive growth response (Watts-Williams et al. 2013).  337 
 338 
Fertiliser properties 339 
As with biomass, water solubility of Zn fertilisers has been shown to correlate positively with Zn 340 
uptake in plants (Amrani et al. 1999; Mortvedt 1992). However, there was no correlation between the 341 
water solubility of the Zn fertilisers in this study, and plant Zn uptake. In fact, the two fertilisers that 342 
contributed to the greatest plant Zn uptake had the highest (Zn sulphate) and a very low (Zn phosphate 343 
carbonate) water solubility. While there is little published open literature on the Zn phosphate 344 
carbonate material, we can speculate that in the presence of P fertiliser, this material exhibits 345 
equivalent soil solubility to that of Zn sulphate, lending it to enhanced availability and thus uptake by 346 
plants. Furthermore, it will be important to quantify the uptake of Zn fertilisers from various pools in 347 
the soil. This may be addressed by using a radioactive or stable isotope of Zn with the addition of the 348 
fertilisers, in order to trace the uptake of Zn from the soil into the plant. Interestingly, DTPA 349 
extractable Zn values were similar for all Zn fertiliser treatments, and did not correlate with plant Zn 350 
uptake. Therefore, in this experiment we found that neither water solubility, nor DTPA Zn 351 
extractability of Zn fertilisers were a useful indicator of a plant’s ability to take up soil Zn. 352 
 353 
Water use efficiency 354 
Earlier studies have shown positive links between water use efficiency (WUE) and AM (Al-Karaki 355 
1998; Kaya et al. 2003), and WUE and increasing soil Zn supply (Khan et al. 2003). Therefore, we 356 
hypothesised that the mycorrhizal genotype, and plants supplied with highly soluble Zn fertiliser (Zn 357 
sulphate), would have improved WUE over the non-mycorrhizal genotype, and plants supplied with 358 
less soluble Zn fertilisers. In this study, we saw no difference between genotypes, in terms of WUE. 359 
 
 
Additionally, soil Zn was not deficient in any of the Zn fertiliser treatments, so any effect of Zn 360 
fertiliser solubility on WUE that we hypothesised might exist, was rendered less important. 361 
Interestingly, plants fertilised with Zn carbonate, a relatively insoluble compound, had significantly 362 
lower WUE than plants fertilised with any other compound. However, plants fertilised by other 363 
relatively insoluble Zn products (ie. Zn phosphate) did not display lower WUE, and this may be a 364 
result that deserves further investigation, using a wide range of agronomically important plant species. 365 
 366 
Conclusions and implications 367 
The dual application of P and Zn fertiliser can have antagonistic effects on plant uptake of both 368 
nutrients, most deleteriously on the uptake of Zn (Verma and Minhas 1987; Burleson et al. 1961; 369 
Cakmak and Marschner 1987). Therefore, effective co-supply of P and Zn to crops is important 370 
(Mortvedt and Gilkes 1993). The Zn phosphate carbonate material used in this experiment may be 371 
useful in addressing this problem, due to its ability to increase plant availability of both P and Zn, 372 
relative to other Zn fertilisers. Further investigation into the use of Zn fertilisers that can deliver Zn to 373 
plants in the presence of P fertiliser will be of particular interest. It is important to note that this novel 374 
form of Zn/P fertiliser may have unexpected effects on the biology or chemistry of the soil, that may 375 
account for the observed results. Thus, investigation into effects of the Zn phosphate carbonate 376 
fertiliser on soil microbiology and chemistry, as well as plant nutrition, will be important. Equally, it 377 
will be important to extend this work to include a wider range of crop species, especially those grown 378 
in regions where Zn deficiency in human diets is a major concern. Effective use of AM may be of 379 
further benefit to uptake of P and Zn, but P-Zn interactions that occur when the nutrients are taken up 380 
by AM, must be considered. 381 
 382 
Acknowledgements 383 
The authors wish to thank Jessica Drake and other members of the ‘Cav-Lab’ for valuable discussions. 384 
We also gratefully acknowledge A/Prof. Susan Barker and Prof. Sally Smith for continued access to 385 
the rmc and 76R genotypes of tomato. This research was in part funded by the Monash University, 386 
School of Biological Sciences. TRC also wishes to acknowledge the Australian Research Council for 387 







Al-Karaki GN (1998) Benefit, cost and water-use efficiency of arbuscular mycorrhizal durum wheat 393 
grown under drought stress. Mycorrhiza 8 (1):41-45. doi:10.1007/s005720050209 394 
Alloway BJ (2008) Zinc in soils and crop nutrition.  395 
Amrani M, Westfall DG, Peterson GA (1999) Influence of water solubility of granular zinc fertilizers 396 
on plant uptake and growth. J Plant Nutr 22 (12):1815-1827. doi:10.1080/01904169909365758 397 
Barea JM, Azcon R, Azcon-Aguilar C (2002) Mycorrhizosphere interactions to improve plant fitness 398 
and soil quality. Antonie Van Leeuwenhoek 81 (1-4):343-351. doi:10.1023/a:1020588701325 399 
Barker SJ, Stummer B, Gao L, Dispain I, O'Connor PJ, Smith SE (1998) A mutant in Lycopersicon 400 
esculentum Mill. with highly reduced VA mycorrhizal colonization: isolation and preliminary 401 
characterisation. Plant Journal 15 (6):791-797. doi:10.1046/j.1365-313X.1998.00252.x 402 
Barrow NJ (1987) The effects of phosphate on zinc sorption by a soil. Journal of Soil Science 38 403 
(3):453-459. 404 
Bi YL, Li XL, Christie P (2003) Influence of early stages of arbuscular mycorrhiza on uptake of zinc 405 
and phosphorus by red clover from a low-phosphorus soil amended with zinc and phosphorus. 406 
Chemosphere 50 (6):831-837. doi:10.1016/s0045-6535(02)00227-8 407 
Boawn LC, Viets FG, Crawford CL (1957) Plant utilization of zinc from various types of zinc 408 
compounds and fertilizer materials. Soil Science 83 (3):219-228. 409 
Broadley MR, White PJ, Hammond JP, Zelko I, Lux A (2007) Zinc in plants. New Phytologist 173 410 
(4):677-702. doi:10.1111/j.1469-8137.2007.01996.x 411 
Burleson CA, Dacus AD, Gerard CJ (1961) The Effect of Phosphorus Fertilization on the Zinc 412 
Nutrition of Several Irrigated Crops1. Soil Science Society of America Journal 25 (5):365-368. 413 
doi:10.2136/sssaj1961.03615995002500050018x 414 
Cakmak I (2002) Plant nutrition research: Priorities to meet human needs for food in sustainable ways. 415 
Plant Soil 247 (1):3-24. doi:10.1023/a:1021194511492 416 
Cakmak I (2008) Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant 417 
Soil 302 (1-2):1-17. doi:10.1007/s11104-007-9466-3 418 
Cakmak I, Marschner H (1987) Mechanism of phosphorus-induced zinc-deficiency in cotton. 3. 419 
Changes in physiological availability of zinc in plants. Physiol Plant 70 (1):13-20. doi:10.1111/j.1399-420 
3054.1987.tb08690.x 421 
Cavagnaro TR, Dickson S, Smith FA (2010) Arbuscular mycorrhizas modify plant responses to soil 422 
zinc addition. Plant Soil 329 (1-2):307-313. doi:10.1007/s11104-009-0158-z 423 
Cavagnaro TR, Martin AW (2011) Arbuscular mycorrhizas in southeastern Australian processing 424 
tomato farm soils. Plant Soil 340 (1-2):327-336. doi:10.1007/s11104-010-0603-z 425 
Cavagnaro TR, Smith FA, Lorimer MF, Haskard KA, Ayling SM, Smith SE (2001) Quantitative 426 
development of Paris-type arbuscular mycorrhizas formed between Asphodelus fistulosus and Glomus 427 
coronatum. New Phytologist 149 (1):105-113. doi:10.1046/j.1469-8137.2001.00001.x 428 
Chen BD, Shen H, Li XL, Feng G, Christie P (2004) Effects of EDTA application and arbuscular 429 
mycorrhizal colonization on growth and zinc uptake by maize (Zea mays L.) in soil experimentally 430 
contaminated with zinc. Plant Soil 261 (1-2):219-229. 431 
 
 
Colwell J (1963) The estimation of the phosphorus fertilizer requirements of wheat in southern New 432 
South Wales by soil analysis. Australian Journal of Experimental Agriculture 3 (10):190-197. 433 
Diaz G, AzconAguilar C, Honrubia M (1996) Influence of arbuscular mycorrhizae on heavy metal (Zn 434 
and Pb) uptake and growth of Lygeum spartum and Anthyllis cytisoides. Plant Soil 180 (2):241-249. 435 
doi:10.1007/bf00015307 436 
Fageria NK (2010) Zinc. In:  The Use of Nutrients in Crop Plants. CRC Press, Boca Raton, FL, pp 241-437 
271. 438 
Gildon A, Tinker PB (1983) Interactions of vesicular arbuscular mycorrhizal infection and heavy 439 
metals in plants. 1. The effects of heavy metals on the development of vesicular-arbuscular 440 
mycorrhizas. New Phytologist 95 (2):247-261. doi:10.1111/j.1469-8137.1983.tb03491.x 441 
Giovannetti M, Mosse B (1980) An evaluation of techniques for measuring vesicular arbuscular 442 
mycorrhizal infection in roots. New Phytologist 84 (3):489-500. 443 
Goh TB, Banerjee MR, Tu SH, Burton DL (1997) Vesicular arbuscular mycorrhizae-mediated uptake 444 
and translocation of P and Zn by wheat in a calcareous soil. Can J Plant Sci 77 (3):339-346. 445 
Graham RD, Welch RM (1997) A strategy for breeding staple-food crops with high micronutrient 446 
density. Trace Elements in Man and Animals - 9:447-450. 447 
Grewal HS (2010) Fertiliser management for higher productivity of established lucerne pasture. N Z J 448 
Agric Res 53 (4):303-314. doi:10.1080/00288233.2010.524225 449 
Kaya C, Higgs D, Kirnak H, Tas I (2003) Mycorrhizal colonisation improves fruit yield and water use 450 
efficiency in watermelon (Citrullus lanatus Thunb.) grown under well-watered and water-stressed 451 
conditions. Plant Soil 253 (2):287-292. doi:10.1023/a:1024843419670 452 
Khan HR, McDonald GK, Rengel Z (2003) Zn fertilization improves water use efficiency, grain yield 453 
and seed Zn content in chickpea. Plant Soil 249 (2):389-400. doi:10.1023/a:1022808323744 454 
Lee YJ, George E (2005) Contribution of mycorrhizal hyphae to the uptake of metal cations by 455 
cucumber plants at two levels of phosphorus supply. Plant Soil 278 (1-2):361-370. 456 
doi:10.1007/s11104-005-0373-1 457 
Li XL, George E, Marschner H (1991) Phosphorus depletion and pH decrease at the root–soil and 458 
hyphae–soil interfaces of VA mycorrhizal white clover fertilized with ammonium. New Phytologist 459 
119 (3):397-404. doi:10.1111/j.1469-8137.1991.tb00039.x 460 
Lindsay WL, Norvell WA (1978) Development of a DTPA soil test for zinc, iron, manganese, and 461 
copper. Soil Science Society of America Journal 42 (3):421-428. 462 
Loneragan JF, Grove TS, Robson AD, Snowball K (1979) Phosphorus Toxicity as a Factor in Zinc-463 
Phosphorus Interactions in Plants. Soil Science Society of America Journal 43 (5):966-972. 464 
Loneragan JF, Webb MJ (1993) Interactions Between Zinc and Other Nutrients Affecting the Growth 465 
of Plants. Zinc in Soils and Plants 55:119-134. 466 
Marschner H (1993) Zinc uptake from soils, vol 55. Zinc in Soils and Plants. Kluwer Academic Publ, 467 
Dordrecht 468 
Marschner H (1995). Mineral Nutrition of Higher Plants.  469 
Martin A (2007) The role of arbuscular mycorrhizal fungi in sustainable tomato production. The 470 
University of Adelaide, Adelaide 471 
 
 
Milani N, McLaughlin MJ, Stacey SP, Kirby JK, Hettiarachchi GM, Beak DG, Cornelis G (2012) 472 
Dissolution Kinetics of Macronutrient Fertilizers Coated with Manufactured Zinc Oxide Nanoparticles. 473 
J Agric Food Chem 60 (16):3991-3998. doi:10.1021/jf205191y 474 
Mohammad MJ, Pan WL, Kennedy AC (2005) Chemical alteration of the rhizosphere of the 475 
mycorrhizal-colonized wheat root. Mycorrhiza 15 (4):259-266. doi:10.1007/s00572-004-0327-0 476 
Mortvedt JJ (1992) Crop response to level of water-soluble zinc in granular zinc fertilizers. Fertil Res 477 
33 (3):249-255. doi:10.1007/bf01050880 478 
Mortvedt JJ, Gilkes RJ (1993) Zinc fertilizers. In: Robson AD (ed) Zinc in soils and plants. Kluwer 479 
Academic Publishers, pp 33-45. 480 
Ortas I (2012) Do maize and pepper plants depend on mycorrhizae in terms of phosphorus and zinc 481 
uptake? . J Plant Nutr 35 (11):1639-1656. doi:10.1080/01904167.2012.698346 482 
Ortas I, Ortakci D, Kaya Z, Cinar A, Onelge N (2002) Mycorrhizal dependency of sour orange in 483 
relation to phosphorus and zinc nutrition. J Plant Nutr 25 (6):1263-1279. doi:10.1081/pln-120004387 484 
Perrin R (1990) Interactions between mycorrhizae and diseases caused by soil-borne fungi. Soil Use 485 
Manage 6 (4):189-195. doi:10.1111/j.1475-2743.1990.tb00834.x 486 
Phillips JM, Hayman DS (1970) Improved procedures for clearing roots and staining parasitic and 487 
vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Transactions of the British 488 
Mycological Society 55:158-& 489 
Poulton JL, Bryla D, Koide RT, Stephenson AG (2002) Mycorrhizal infection and high soil 490 
phosphorus improve vegetative growth and the female and male functions in tomato. New Phytologist 491 
154 (1):255-264. doi:10.1046/j.1469-8137.2002.00366.x 492 
Rengel Z (1999) Physiological mechanisms underlying differential nutrient efficiency of crop 493 
genotypes. Mineral nutrition of crops: Fundamental mechanisms and implications. The Haworth Press, 494 
New York. 495 
Robson AD, Pitman MG (1983) Interactions between nutrients in higher plants. In: Lauchli A, Bieleski 496 
RL (eds) Encyclopedia Plant Physiology New Series, vol 15A. Springer-Verlag, Berlin, pp 147-180. 497 
Ryan MH, McInerney JK, Record IR, Angus JF (2008) Zinc bioavailability in wheat grain in relation 498 
to phosphorus fertiliser, crop sequence and mycorrhizal fungi. J Sci Food Agric 88 (7):1208-1216. 499 
doi:10.1002/jsfa.3200 500 
Ryan MH, Small DR, Ash JE (2000) Phosphorus controls the level of colonisation by arbuscular 501 
mycorrhizal fungi in conventional and biodynamic irrigated dairy pastures. Australian Journal of 502 
Experimental Agriculture 40 (5):663-670. doi:10.1071/ea99005 503 
Shaver TM, Westfall DG, Ronaghi M (2007) Zinc fertilizer solubility and its effects on zinc 504 
bioailability over time. J Plant Nutr 30 (1):123-133. doi:10.1080/01904160601055145 505 
Shivay YS, Kumar D, Prasad R, Ahlawat IPS (2008) Relative yield and zinc uptake by rice from zinc 506 
sulphate and zinc oxide coatings onto urea. Nutr Cycl Agroecosyst 80 (2):181-188. 507 
doi:10.1007/s10705-007-9131-5 508 
Smith SE, Read DJ (2008) Mycorrhizal Symbiosis. Third edn. Academic Press, New York. 509 
Turney TW, Duriska MB, Jayaratne V, Elbaz A, O'Keefe SJ, Hastings AS, Piva TJ, Wright PFA, Feltis 510 
BN (2012) Formation of Zinc-Containing Nanoparticles from Zn2+ Ions in Cell Culture Media: 511 




Vance CP, Uhde-Stone C, Allan DL (2003) Phosphorus acquisition and use: critical adaptations by 514 
plants for securing a nonrenewable resource. New Phytologist 157 (3):423-447. doi:10.1046/j.1469-515 
8137.2003.00695.x 516 
Verma TS, Minhas RS (1987) Zinc and phosphorus interaction in a wheat-maize cropping system. 517 
Fertil Res 13 (1):77-86. doi:10.1007/bf01049804 518 
Vierheilig H, Coughlan AP, Wyss U, Piche Y (1998) Ink and vinegar, a simple staining technique for 519 
arbuscular-mycorrhizal fungi. Appl Environ Microbiol 64 (12):5004-5007 520 
Waite Analytical Services. http://www.adelaide.edu.au/was. Accessed 6 June 2013. 521 
Watts-Williams S, Cavagnaro T (2012) Arbuscular mycorrhizas modify tomato responses to soil zinc 522 
and phosphorus addition. Biology and Fertility of Soils 48 (3):285-294. doi:10.1007/s00374-011-0621-523 
x 524 
Watts-Williams SJ, Patti AF, Cavagnaro TR (2013) Arbuscular mycorrhizas are beneficial under both 525 
deficient and toxic soil zinc conditions. Plant Soil 371 (1-2):299-312. doi:10.1007/s11104-013-1670-8 526 
Whiting SN, Leake JR, McGrath SP, Baker AJM (2001) Zinc accumulation by Thlaspi caerulescens 527 
from soils with different Zn availability: a pot study. Plant Soil 236 (1):11-18. 528 
doi:10.1023/a:1011950210261 529 
Zar JH (2007) Biostatistical Analysis. Fifth edn. Prentice-Hall Inc,  530 
Zhang YQ, Deng Y, Chen RY, Cui ZL, Chen XP, Yost R, Zhang FS, Zou CQ (2012) The reduction in 531 
zinc concentration of wheat grain upon increased phosphorus-fertilization and its mitigation by foliar 532 
zinc application. Plant Soil 361 (1-2):143-152. doi:10.1007/s11104-012-1238-z 533 
Zhu YG, Christie P, Laidlaw AS (2001) Uptake of Zn by arbuscular mycorrhizal white clover from Zn-534 
contaminated soil. Chemosphere 42 (2):193-199. doi:10.1016/s0045-6535(00)00125-9 535 
 536 
